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Abstract
Objective: The 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a widespread, man-made, persistent organic pollutant with 
high immunotoxic potentials. It suppresses cell-mediated and humoral immune responses through mechanisms dependent 
on aryl-hydrocarbon receptor expression and immunosuppressive activity of the cells. Most sensitive to TCDD are organ-
isms during fetal and infant life, mostly due to the developmental stage of many biological systems of the host, including 
immune system. Recent data show that T regulatory cells that have the potential to suppress immune reactions and which 
develop after TCDD exposure are also responsible for protection from allergy development. Our goal was to investigate if 
perinatal exposure to TCDD can affect allergic sensitisation and if T reg cells participate in this phenomenon. Materials 
and Methods: Mice, Balb/c, were perinatally exposed to TCDD or to the carrier. Six weeks old control or exposed mice 
were sensitised with ovalbumin. Spleen cells of the animals were used to assess the constent of T reg cells by means of flow 
cytometry. Levels of cytokines were assessed by ELISA technique in supernatants of the cells stimulated with anti-CD3 
antibody. As a measure of sensitisation, total IgE and anti-OVA IgE were measured in serum of mice by ELISA method. 
To assess the function of T reg cells isolated from OVA-sensitised control or TCDD exposed animals we performed transfer 
studies. Results: Here we show that perinatal exposure to TCDD decreases allergic sensitisation and that this process is 
related to inhibition of IL-4 synthesis rather than suppression mediated by T regulatory cells. Conclusion: We hypothesise 
that dioxin exposure can be an important environmental modulator of immunological responses that participate in allergic 
reactions.
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INTRODUCTION
The 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is 
a widespread, man-made, persistent organic pollutant. 
This compound is very stable in environment and can ac-
cumulate in the tissues of organisms. Together with its al-
ready known, deleterious effects on diverse biological sys-
tems, including immune system, exposure to TCDD offers 
possible risk to human health [1–6].
In adult animals, exposure to TCDD has been shown to 
suppress cell-mediated and humoral immune responses 
(for review, see [2,3]). However, perinatally exposed off-
spring is most susceptible to the toxic effects of TCDD. 
Perinatally exposed animals showed, at the organ level, at-
rophy of the thymus [7], enhanced apoptosis of thymocytes 
[8], and alterations in T-lymphopoiesis [9]. The outcome 
of immunotoxic effects of TCDD on developing immune 
system in animals was shown to result in exacerbation of 
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present at the very low levels that do not cause apparent 
adverse health effects. But their accumulation over certain 
amount of time, especially in fat tissue, may increase the 
level of exposure during perinatal life, modulate develop-
ment of immune system and cause changes manifested 
later in life. We tried to find out if perinatal exposure of 
mice to TCDD could affect allergic sensitisation and what 




Inbred strain BALB/c mice  (Harlan, Netherlands) were 
used in the experiments. The animals were bred in ac-
cordance with the standard procedures and were kept in 
a room with appropriate 12 h light/dark cycle. They re-
ceived water and pelleted food (Murigran) ad libitum. 
Animal experiments were approved by the local Ethical 
Committee (doc. no. L/BD/285). Analyses of perinatal 
exposure use data collected from 6-week old male mice. 
Experiments were repeated twice and the total number of 
animals was 6. Spleens and blood were not pooled. 
Reagents
The 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; 
CAS 1746-01-6, AccuStandard, Inc. USA) was dissolved 
in acetone and mixed with olive oil. Acetone was removed 
by evaporation by heating the solution. Further dilutions 
were done in olive oil. For sensitisation of animals we used 
ovalbumin (OVA, CAS 9006-59-1, SIGMA). Ovalbumin 
was dissolved in 1:1 mixture of PBS (Dulbecco’s Phos-
phate Buffered Saline, SIGMA) and aluminum hydroxide 
(Alum, Al(OH)3, 13 mg/ml, CAS 1330-44-5, SIGMA) was 
used at a final concentration of 20 μg OVA/1 mg Alum.
Perinatal exposure of mice to TCDD
Female and male mice were cohabited and the appear-
ance of a vaginal plug was considered to be the begin-
ning of pregnancy and gestational day (GD) 0. On GD15, 
mice were given intraperitoneally a single dose of 100 μl 
of TCDD at concentration of 10 μg/kg of body mass 
postnatal autoimmune reactions [10,11] suppressed cell-
mediated and humoral immune responses [7,12–14]. In 
studies on Dutch infants [15] prenatal PCB/dioxin expo-
sure was associated with changes in several immunological 
parameters. At the preschool age of these children [16], 
an association was found between PCB/dioxin exposure 
and higher prevalence of infections of middle ear. This as-
sociation continued to be significant at their school age 
[17]. Of other clinical effects observed in these children at 
preschool age, but no more at school age, was decreased 
susceptibility to allergic sensitisation that authors suggest 
could be due to skewed immune response toward infec-
tious agents rather than direct effect of dioxin exposure. 
However, experimental data from studies on adult animals 
show that humoral immune responses, including antigen-
specific antibody production [18], synthesis of proallergic 
Th2 derived cytokines such as IL-5, IL-4 [19,20] are sup-
pressed due to direct effect of TCDD exposure. Addition-
ally, experimental studies performed in rats showed that 
exposure to TCDD can directly decrease allergic immune 
response to house dust mite [21]. 
TCDD has been shown to induce immunosuppression in 
mice through mechanisms dependent on the expression 
of aryl-hydrocarbon receptor (AhR) [22,23] and devel-
opment of immunosuppressive T cells similar to natu-
ral T regulatory cells [24]. Analyses of the characteristics 
of these cells [25] show that, like natural T reg cells, they 
suppress responder cells in cell-contact dependent way, 
do not produce IL-2, suppress early production of this cy-
tokine from responder cells, and exhibit high level of gran-
zyme b gene expression. However, these cells also produce 
significant amounts of IL-10, a cytokine that is ascribed to 
other T regulatory cell subpopulation known as Tr1. Natu-
ral, CD4CD25foxp3+ and inducible, IL10 (Tr1) T regu-
latory cells, as well as other subpopulations of suppres-
sor cells, including those which rely on TGF-β (reviewed 
[26,27]) inhibit processes of allergic sensitisation and/or 
suppress allergic inflammatory reactions by inhibiting Th2 
cell–derived cytokines.
Environmental factors are important elements that affect 
the development of allergy and asthma [28–30]. Dioxins 
and PCBs are environmental contaminants, usually 
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manufacturer. Analyses were performed on flowcytom-
eter FACSCantoII (Becton Dickinson). 
Total and anti-OVA specific IgE serum levels  assessment 
The concentrations of total IgE in serum were estimated 
by ELISA (Becton Dickinson) according to the proto-
col supplied by manufacturer. The sensitivity of the test 
was 2 ng/ml.
The concentrations of IgE specific to OVA in serum were 
also assessed by ELISA (MD Biosciences, Switzerland) 
according to the protocol supplied by manufacturer. The 
sensitivity of the test was 3.8 ng/ml. 
Cell transfer studies
CD4+CD25+ cells were isolated from spleens of 6-week 
old mice perinatally exposed to TCDD or control animals. 
Isolation of these cells was performed first by negative se-
lection of CD4+ T cells using antibody coated magnetic 
beads (Invitrogen). In the next steps, CD25+ T cells were 
isolated from CD4+ T cells using antibody coated beads 
(Miltenyi Biotec) according to the protocol supplied by 
manufacturer. The purity of isolated CD4+CD25+ T cells 
was 99% as assessed by flow cytometry. Next, 0.4×106 of 
these T cells, suspended in 0.2 ml of NaCl were trans-
ferred to untreated 6-week old Balb/c mice. Mice that 
were transferred with CD4+CD25+ T cells were subject-
ed to the protocol of OVA sensitisation. First dose of OVA 
was given on the day after the cell transfer. Blood isolated 
on 30th day after the first dose of OVA was collected for 
serum isolation and the use in assessment of total and spe-
cific anti-OVA IgE.
Flow cytometry analysis
Half a million of spleen T cells per sample were surface 
stained with anti-CD3 (Alexa Fluor 488, clone 17A2, 
Biolegend), CD4 (PE/Cy5, Clone GK 1.5, Biolegend) and 
CD25 receptors (PE, clone PC 61, Biolegend). For assess-
ment of T regulatory cells, 1 x106 cells were surface stained 
with CD4 and CD25 with antibodies indicated above, and 
this was followed by intracellular labelling with anti-foxp3 
antibodies (Alexa Fluor 488, clone 150D, Biolegend). 
Intracellular staining was performed using Fix/perm and 
or 100 μl of carrier (Olive Oil). Offspring was nursed 
by their mothers and pups were weaned at 22nd day of 
age, transferred to one cage and bred in regular condi-
tions. At 6 weeks of age, mice were sacrificed by intrap-
eritoneal injection of overdose of sodium pentobarbital 
(100 mg/kg body mass) and spleens were removed for 
further processing.
OVA sensitisation protocol
Sensitisation of 6-week old mice perinatally exposed to 
TCDD or carrier, was performed by 3 intraperitoneal in-
jections of 150 μl of 20 μg OVA/1 mg on day 0, 14 and 21. 
Nine days after the last dose, mice were sacrificed by in-
traperitoneal injection of overdose of sodium pentobarbi-
tal (100 mg/kg body mass) and blood was collected from 
orbital sinus and spleens removed. 
Preparation of spleen cells
Spleens after removal were kept in Petri dishes in cold 
PBS until ready for cell isolation. Cells were removed 
by tearing spleens over the surface of 100 μm pore cell 
strainer (Becton-Dickinson) and washed with PBS. Eryth-
rocytes were removed by haemolysis using RBC Lysis Buf-
fer (BioLegend). Lysis was stopped after 5 min by add-
ing 10 ml PBS. Cell viability was estimated by trypan blue 
exclusion method and the number of cells was estimated 
by use of Neubauer haemocytometer.
In vitro stimulation of spleen cells
Spleen cells were seeded into 48 well plate at density 
of 1.0×106 cells/well in 1 ml of culture media. Cells were 
left unstimulated or stimulated with 0.1 mg of anti-CD3 
monoclonal antibody (anti-mouse CD3 purified, BD 
Pharmingen) for 3 days in incubator, at 37°C and in at-
mosphere containing 5% CO2. After that time plates were 
centrifuged and the collected supernatant was stored 
at –70°C till the time of cytokine analysis. 
Assessment of cytokine concentration in supernatants
Cytokine supernatant levels were assessed with the use of 
mouse Th1/Th2 Cytokine Cytometric Bead Array (Bec-
ton Dickinson) according to the protocol supplied by 
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The effect of perinatal exposure to TCDD on proallergic 
inflammatory cytokines produced in vitro by spleen cells 
of OVA-sensitised or non-sensitised mice
Allergic sensitisation depends on the release of IL-4, cytokine 
that switches production of immunoglobulins to IgE class in 
B cells. Allergic inflammatory processes include participation 
of such cytokines as IL-5, which is major protein that affects 
eosinophil activity, and TNF-α that is mainly released from 
neutrophils and monocytes. We determined the levels of IL-4, 
IL-5 and TNF-α in supernatants of cells stimulated in vitro 
with anti-CD3 that were obtained from spleens of OVA sensi-
tised animals perinatally exposed to TCDD or to the carrier. 
Concentrations of IL-4 in supernatans of anti-CD3 stimu-
lated cells were significantly lower in TCDD exposed mice, 
whereas IL-5 and TNF-α were at similar levels (Figure 2). 
The effect of perinatal exposure to TCDD on IFN-γ  
and  IL-2 cytokines produced in vitro by spleen cells  
of mice sensitised  to OVA 
Allergic sensitisation is accompanied by preferential syn-
thesis of cytokines such as IL-4 that belongs to cytokines 
produced by so called Th2 cells, and inhibition or no ef-
fect on cytokines such as IL-2 or IFN-γ that belong to cy-
tokines released by Th1 cells. We determined the levels 
of IL-2 and IFN-γ in supernatants of cells stimulated in 
vitro with anti-CD3 that were obtained from spleens of 
Perm buffer (Biolegend) according to the protocol sup-
plied by manufacturer. Control samples were stained with 
mouse IgG1 antibodies (Alexa Fluor 488, clone MOPC-21, 
Biolegend) to control for foxp3 specific staining, and Rat 
IgG1 antibodies (PE, clone RTK2071, Biolegend) to con-
trol for CD25 expression. 
Statistical analysis
Statistical analyses were performed by T-test or nonpara-
metric test of Mann-Whitney using GraphPad Prism soft-
ware.
RESULTS
IgE levels in serum of OVA-sensitised, 
perinatally TCDD-exposed or non-exposed mice
Six week old mice from perinatal exposure to TCDD or 
control animals were subjected to the experimental, al-
lergic sensitisation by OVA and serum levels of total IgE 
and IgE specific for OVA were evaluated. We found that 
total levels of IgE in serum of mice perinatally exposed to 
TCDD and OVA-sensitised were significantly higher than 
in animals not exposed to dioxin (Figure 1). However, the 
levels of serum IgE specific to OVA were higher in control 
animals, although the difference was close to the limit of 
statistical significance (p = 0.063).
* p < 0.05   ** p < 0.01.
Fig. 1. Serum total and anti-OVA IgE concentrations in mice 
perinatally exposed to TCDD or carrier and sensitised to OVA.
* p < 0.05.
Fig. 2. Effect of TCDD on anti-CD3 stimulated production 
of IL-4, IL-5 and TNF-α by spleen cells of OVA sensitised mice.
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production of these cytokines in the same conditions and 
the same animals in which production of other cytokines 
was tested. We could show that mice exposed perinatally 
to TCDD produced significantly (p < 0.05) lower levels 
of IL-10 than control animals and the TGF-β concentra-
tions were not significantly different (Figure 4). Although 
the non-stimulated cells did not show detectable levels 
of IL-10 in any of the groups, TGF-β was present (TCDD 
group 180±107; control 181±29.4) but not at the amounts 
significantly different between the groups. 
Analyses of CD4+CD25+foxp3+ T regulatory cells 
in spleen of 6-week old mice with or without perinatal 
exposure to TCDD
Perinatal exposure of mice to TCDD did not cause sig-
nificant changes in the percentage of T regulatory cells 
among spleen cells as determined by expression of 
CD4CD25foxp3 among all T cells or within CD4+ T cells 
of spleen (Figure 5). 
The effect of transfer of CD4+CD25+ T cells obtained 
from spleens of mice exposed to TCDD or carrier on IgE 
anti-OVA serum levels in OVA sensitised animals
To analyse whether T cells of mice perinatally exposed to 
TCDD could affect the extent of allergic sensitisation we 
performed cell transfer studies. T cells expressing CD4 
and CD25 markers were isolated from spleens of 6 week 
OVA sensitised mice perinatally exposed to TCDD or 
to the carrier. Concentrations of IL-2 in supernatants of 
anti-CD3 stimulated cells were significantly (p < 0.01) 
higher in TCDD exposed mice, whereas IFN-γ release was 
not significantly different between the groups (Figure 3). 
The effect of perinatal exposure to TCDD  
on in vitro production  of IL-10 and TGF-β  
by spleen cells of mice sensitised  to OVA
IL-10 and TGF-β belong to regulatory factors that sup-
press immune responses. We estimated the levels of 
** p < 0.01.
Fig. 3. Effect of perinatal exposure to TCDD on anti-CD3 
stimulated in vitro production of IL-2 and IFN-γ by spleen cells 
of mice sensitised to OVA.
Fig. 4. Effect of perinatal exposure to TCDD on anti-CD3 
stimulated in vitro production of IL-10 and TGF-β by spleen 
cells of mice sensitised to OVA.
Fig. 5. Effect of perinatal exposure to TCDD or carrier 
(control) on the frequency of T regulatory cells in spleens.
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from development of allergies. The mechanisms of such 
a protection were recently postulated to be dependent on 
enhanced development of maternal T regulatory cells and 
thus enhanced immunotolerance to environmental anti-
gens in neonates [32]. Recently, another environmental 
factor, in this specific case man made toxic contaminant 
(TCDD) has been shown to modulate the immune re-
sponses through affecting T regulatory cells in experimen-
tal animal models [25]. 
Dioxins and the chemicals similar in structure and toxic-
ity, polychlorinated bi-phenyls (PCB), at the levels com-
monly found in environment, do not pose direct threat to 
health [6]. However, most health related concerns come 
from the fact that TCDD is wide-spread in environment, 
can accumulate in the tissues of organisms [33,34] and af-
fect directly the health status during foetal life and later 
on in infants due to its transfer through the placenta and 
during lactation period [35,36]. The outcome of immuno-
toxic effects of TCDD on developing immune system in 
animals was shown to result in exacerbation of postnatal 
autoimmune reactions [10,11], suppressed cell-mediated 
and humoral immune responses [7,12–14]. 
Studies performed on Dutch cohort of infants and pre-
school age children have shown the correlation of perina-
tal exposure to TCDD and dioxin-like PCB with increased 
incidence of middle ear infections and decreased incidence 
of allergy [15,16]. The authors suggest the decreased inci-
dence of allergy to be the result of infections that skew 
the immune response away from those related to develop-
ment of Th2-cytokine proallergic reactions. Experimental 
data show that TCDD can directly suppress production of 
antigen-specific antibodies [18] and synthesis of proaller-
gic cytokines such as IL-5 and IL-4 [19,20]. Additionally, 
experimental studies performed in rats showed that expo-
sure to TCDD could directly decrease allergic immune 
response to house dust mite [21]. However, whether such 
an effects can take place in animals after perinatal expo-
sure to TCDD and what immunological mechanisms are 
involved has not been answered yet. 
Here we demonstrate that mice perinatally exposed to 
TCDD show lower serum levels of allergen-specific IgE, 
in comparison to non-exposed control animals, after 
old mice perinatally exposed to TCDD or carrier. Next, 
these cells were transferred to mice that were sensitised to 
OVA and serum levels of anti-OVA specific IgE were eval-
uated. Direct isolation of T reg cells is not possible due to 
the fact that the marker of these cells is located in intra-
cellular compartments. We isolated CD4+CD25+ T cells 
that, in addition to natural and inducible T regulatory 
cells, included also activated T cells. However, considering 
that there were no significant differences in the number 
of CD4+CD25+ T cells between the studied groups, we 
could assume that any differences in inhibitory effect of 
transferred cells on sensitisation could come through the 
effect on T regulatory cells without interference of con-
taminating CD4+CD25+ effector T cells. In Figure 6 we 
show that transfer of selected cells in fact reduces serum 
concentrations of anti-OVA specific IgE in comparison to 
the levels of this antibody found in serum of animals with-
out cell transfer. However, the degree of this reduction 
was not different between the studied groups.  
DISCUSSION
Allergy and asthma development depends on interplay of 
many genetic factors with those of environmental origin. 
According to the “hygiene hypothesis” [28,29,31], contact 
with farm animals in prenatal time and thereafter protects 
Fig. 6. Effect of the transfer of CD4+CD25+ T cells  
isolated from spleens of mice perinatally exposed to TCDD 
(test animals) or carrier (control) to untreated 6-week old mice 
on specific anti-OVA IgE serum concentration.
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might be responsible for decreased synthesis of anti-OVA 
IgE in animals exposed to TCDD. However, flow cytom-
etry analysis performed in animals perinatally exposed 
to TCDD or carrier did not show differences in the fre-
quency of CD4+CD25+foxp3+ T cells, and the transfer 
of CD4+CD25+ spleen T cells from these animals did not 
cause significant differences in extent of inhibition of anti-
OVA IgE serum concentrations. 
Thus, we show that not only direct but also perinatal expo-
sure of animals to TCDD may contribute to lower allergic 
sensitisation. The mechanisms of such an effect of TCDD 
may be related to reduced production of IL-4 rather than 
immunosuppression mediated by T regulatory cells. This 
effect could contribute to decreased incidence of allergies 
observed in studies of Dutch infants and pre-school age 
children [15,16]. Whether exposure to dioxins and dioxin-
like compounds can significantly contribute to the modu-
lation of immune responses that lead to suppression of 
allergy development and how it may contribute to other 
environmental factors known to exert such an effect can-
not be answered now. 
Acknowledgements
The studies of this work were supported through the grant 
from Polish Ministry of Science and Higher Education. 
Grant number: 2 P05D 062 30. We would like to thank 
for exceptional technical assistance during experiments of 
this work to Barbara Palka and Jolanta Wojno-Kulińska, 
Nofer Institute of Occupational Medicine, Łódź, Poland.
REFERENCES
1.  Van den Berg M, Birnbaum LS, Denison M, De Vito M, 
Farland W, Feeley M, et al. The 2005 World Health Organi-
zation reevaluation of human and mammalian toxic equiva-
lency factors for dioxins and dioxin-like compounds. Toxicol 
Sci 2006;93(2):223–41.
2.  Kerkvliet NI. Recent advances in understanding the mecha-
nisms of TCDD immunotoxicity. Int Immunopharmacol 2002;2 
(2–3):277–91.
3.  Kerkvliet NI. Immunological effects of chlorinated dibenzo- 
p-dioxins. Environ Health Perspect 1995;103 Suppl 9:47–53.
experimentally induced sensitisation to OVA, while total 
serum IgE concentrations showed the opposite pattern. 
Synthesis of IgE is dependent on IL-4 which provides 
B cells with necessary signal to switch on the synthesis 
of ε chain of immunoglobulins during T cell dependent an-
tigen presentation [37]. We found that spleen cells of OVA 
sensitised mice exposed perinatally to TCDD produced 
significantly lower levels of IL-4 in comparison to control 
animals, what may explain the corresponding lower serum 
levels of OVA specific IgE but not total IgE. 
We speculate that these levels of total serum IgE as well 
as those previously observed in atopic patients [38] could 
be only partially dependent on IL-4 [39]. Analyses of the 
release of allergic, pro-inflammatory cytokines, IL-5 and 
TNF-α, by spleen cells of OVA sensitised mice perinatally 
exposed to TCDD did not show significant differences in 
comparison to non-exposed, sensitised mice. The effect 
of TCDD on IL-5 observed by us is in disagreement with 
other findings where decreased levels of this cytokine were 
detected in spleen cells of OVA sensitised mice exposed 
orally to TCDD [19]. However, they were found to be in 
agreement with observations of decreased IL-4 levels. 
Taking into account differences in the TCDD exposure 
route applied in both studies, we suggest that perinatal 
exposure may selectively modulate T cell-dependent re-
sponses, including anti-OVA IgE synthesis, without direct 
effect on cytokines that are involved in inflammatory aller-
gic reactions. In contrast to IgE and IL-4, we did not see 
effect of TCDD exposure on release of IFN-γ from spleen 
cells of OVA sensitised mice. However, IL-2, as another 
Th1 related cytokine, was significantly higher in superna-
tants of cells from TCDD treated animals. With no differ-
ences observed in IFN-γ release, no differences in TGF-β 
release and even lower level of IL-10 in supernatants of 
TCDD exposed animals, we speculated that high IL-2 
production could be related to enhanced development of 
natural T regulatory cells. Recent evidence on the impor-
tant role of T regulatory cells in allergy and asthma de-
velopment [26], their participation in transfer to neonates 
of the immunotolerance to antigens that otherwise could 
become allergens [32], and direct effect of TCDD on these 
cells [25] made us suspect that these cells in our model 
Brought to you by | Università degli Studi di Milano
Authenticated
Download Date | 2/14/17 9:14 AM
O R I G I N A L  P A P E R S       M. TARKOWSKI ET AL.
IJOMEH 2010;23(1)82
to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicol-
ogy 2004;197(1):57–66.
15.  Weisglas-Kuperus N, Sas TC, Koopman-Esseboom C, 
Sas TC, Mulder PG, Sauer PJ, et al. Immunologic effects 
of background prenatal and postnatal exposure to diox-
ins and polychlorinated biphenyls in Dutch infants. Pediatr 
Res 1995;38(3):404–10.
16.  Weisglas-Kuperus N, Patandin S, Berbers GA, Sas TC, Mul-
der PG, Sauer PJ, et al. Immunologic effects of background 
exposure to polychlorinated biphenyls and dioxins in Dutch 
preschool children. Environ Health Perspect 2000;108(12): 
1203–07.
17.  Weisglas-Kuperus N, Vreugdenhil HJ, Mulder PG. Im-
munological effects of environmental exposure to polychlori-
nated biphenyls and dioxins in Dutch school children. Toxicol 
Lett 2004;149(1–3):281–85.
18.  Ito T, Inouye K, Fujimaki H, Tohyama C, Nohara K. Mecha-
nism of TCDD-induced suppression of antibody production: 
effect on T cell-derived cytokine production in the primary im-
mune reaction of mice. Toxicol Sci 2002;70(1):46–54.
19.  Nohara K, Fujimaki H, Tsukumo S, Inouye K, Sone H, Tohya-
ma C. Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
on T cell-derived cytokine production in ovalbumin (OVA)-
immunized C57Bl/6 mice. Toxicology 2002;172(1):49–58.
20.  Inouye K, Pan X, Imai N, Ito T, Takei T, Tohyama C, et al. 
T cell-derived IL-5 production is a sensitive target of 2,3,7,8-tet-
rachlorodibenzo-p-dioxin (TCDD). Chemosphere 2005;60(7): 
907–13.
21.  Luebke RW, Copeland CB, Daniels M, Lambert AL, 
Gilmour MI. Suppression of allergic immune responses to 
house dust mite (HDM) in rats exposed to 2,3,7,8-TCDD. Toxi-
col Sci 2001;62(1):71–9.
22.  Vorderstrasse BA, Steppan LB, Silverstone AE, Kerkv-
liet NI. Aryl hydrocarbon receptor-deficient mice generate nor-
mal immune responses to model antigens and are resistant to 
TCDD-induced immune suppression. Toxicol Appl Pharma-
col 2001;171(3):157–64.
23.  Kerkvliet NI, Shepherd DM, Baecher-Steppan L. T lympho-
cytes are direct, aryl hydrocarbon receptor (AhR)-dependent 
targets of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD): AhR 
expression in both CD4+ and CD8+ T cells is necessary for 
4.  Colles A, Koppen G, Hanot V, Nelen V, Dewolf MC, Noël E, 
et al. Fourth WHO-coordinated survey of human milk for per-
sistent organic pollutants (POPs): Belgian results. Chemos-
phere 2008;73(6):907–14.
5.  De Mul A, Bakker MI, Zeilmaker MJ, Traag WA, van Leeu-
wen S, Hoogenboom R, et al. Dietary exposure to dioxins and 
dioxin-like PCBs in The Netherlands anno 2004. Regul Toxi-
col Pharmacol 2008;51(3):278–87.
6.  Wittsiepe J, Furst P, Wilhelm M. The 2005 World Health Or-
ganization re-evaluation of TEFs for dioxins and dioxin-like 
compounds — what are the consequences for German hu-
man background levels? Int J Hyg Environ Health 2007;210 
(3–4):335–39.
7.  Gehrs BC, Smialowicz RJ. Alterations in the developing 
immune system of the F344 rat after perinatal exposure to 
2,3,7,8-tetrachlorodibenzo-p-dioxin I. [correction of II]. Effects 
on the fetus and the neonate. Toxicology 1997;122(3):219–28.
8.  Camacho IA, Nagarkatti M, Nagarkatti PS. Evidence for in-
duction of apoptosis in T cells from murine fetal thymus follow-
ing perinatal exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD). Toxicol Sci 2004;78(1):96–106.
9.  Fine JS, Gasiewicz TA, Fiore NC, Silverstone AE. Prothymo-
cyte activity is reduced by perinatal 2,3,7,8-tetrachlorodibenzo- 
p-dioxin exposure. J Pharmacol Exp Ther 1990;255(1): 
128–32.
10.  Holladay SD. Prenatal immunotoxicant exposure and postna-
tal autoimmune disease. Environ Health Perspect 1999;107 
Suppl 5:687–91.
11.  Mustafa A, Holladay SD, Goff M, Witonsky SG, Kerr R, 
Reilly CM, et al. An enhanced postnatal autoimmune pro-
file in 24 week-old C57BL/6 mice developmentally exposed to 
TCDD. Toxicol Appl Pharmacol 2008;232(1):51–9.
12.  Gehrs BC, Smialowicz RJ. Persistent suppression of de-
layed-type hypersensitivity in adult F344 rats after perinatal 
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol-
ogy 1999;134(1):79–88.
13.  Badesha JS, Maliji G, Flaks B. Immunotoxic effects of exposure 
of rats to xenobiotics via maternal lactation. Part I 2,3,7,8-tetra-
chlorodibenzo-p-dioxin. Int J Exp Pathol 1995;76(6):425–39.
14.  Walker DB, Williams WC, Copeland CB, Smialowicz RJ. 
Persistent suppression of contact hypersensitivity, and al-
tered T-cell parameters in F344 rats exposed perinatally 
Brought to you by | Università degli Studi di Milano
Authenticated
Download Date | 2/14/17 9:14 AM
DECREASED SENSITISATION OF MICE THROUGH PRENATAL EXPOSURE TO TCDD      O R I G I N A L  P A P E R S
IJOMEH 2010;23(1) 83
32.  Schaub B, Liu J, Hoppler S, Schleich I, Huehn J, Olek S, 
et al. Maternal farm exposure modulates neonatal immune 
mechanisms through regulatory T cells. J Allergy Clin Immu-
nol 2009;123(4):774–82 e5.
33.  Geyer H, Scheunert I, Korte F. Bioconcentration potential of 
organic environmental chemicals in humans. Regul Toxicol 
Pharmacol 1986;6(4):313–47.
34.  Miniero R, De Felip E, Ferri F, di Domenico A. An over-
view of TCDD half-life in mammals and its correlation to body 
weight. Chemosphere 2001;43(4–7):839–44.
35.  Nakano S, Noguchi T, Takekoshi H, Suzuki G, Nakano M. 
Maternal-fetal distribution and transfer of dioxins in pregnant 
women in Japan, and attempts to reduce maternal transfer 
with Chlorella (Chlorella pyrenoidosa) supplements. Chemo-
sphere 2005;61(9):1244–55.
36.  Soechitram SD, Athanasiadou M, Hovander L, Berg-
man A, Sauer PJ. Fetal exposure to PCBs and their hydroxy-
lated metabolites in a Dutch cohort. Environ Health Per-
spect 2004;112(11):1208–12.
37.  Vercelli D. The regulation of IgE synthesis. Clin Allergy Im-
munol 2002;16:179–96. 
38.  Kimata H. 2,3,7,8-tetrachlorodibenzo-p-dioxin selectively en-
hances spontaneous IgE production in B cells from atopic pa-
tients. Int J Hyg Environ Health 2003;206(6):601–4.
39.  Fish SC, Donaldson DD, Goldman SJ, Williams CM, Kasa-
ian MT. IgE generation and mast cell effector function in mice 
deficient in IL-4 and IL-13. J Immunol 2005;174(12): 7716–24.
full suppression of a cytotoxic T lymphocyte response by TCDD. 
Toxicol Appl Pharmacol 2002;185(2):146–52.
24.  Funatake CJ, Marshall NB, Steppan LB, Mourich DV, 
Kerkvliet NI. Cutting edge: activation of the aryl hydrocar-
bon receptor by 2,3,7,8-tetrachlorodibenzo-p-dioxin generates 
a population of CD4+ CD25+ cells with characteristics of 
regulatory T cells. J Immunol 2005;175(7):4184–8.
25.  Marshall NB, Vorachek WR, Steppan LB, Mourich DV, 
Kerkvliet NI. Functional characterization and gene expres-
sion analysis of CD4+ CD25+ regulatory T cells generated in 
mice treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin. J Immu-
nol 2008;181(4):2382–91.
26.  Umetsu DT, DeKruyff RH. The regulation of allergy and 
asthma. Immunol Rev 2006;212:238–55.
27.  Van Wijk F, Wehrens EJ, Nierkens S, Boon L, Kasran A, 
Pieters R, et al. CD4+CD25+ T cells regulate the inten-
sity of hypersensitivity responses to peanut, but are not deci-
sive in the induction of oral sensitization. Clin Exp Aller-
gy 2007;37(4):572–81.
28.  Von Mutius E. Gene-environment interactions in asthma. 
J Allergy Clin Immunol 2009;123(1):3–11;quiz 12–13.
29.  Von Mutius E, Radon K. Living on a farm: impact on asthma 
induction and clinical course. Immunol Allergy Clin North 
Am 2008;28(3):631–47, ix–x.
30.  Wong GW, Chow CM. Childhood asthma epidemiology: in-
sights from comparative studies of rural and urban popula-
tions. Pediatr Pulmonol 2008;43(2):107–16.
31.  Strachan DP. Hay fever, hygiene, and household size. 
BMJ 1989;299(6710):1259–60.
Brought to you by | Università degli Studi di Milano
Authenticated
Download Date | 2/14/17 9:14 AM
